
Citation: Niu, G.; Chen, Y.; Lv, J.;

Zhang, J.; Fan, N. Determination of

Formulae for the Hydrodynamic

Performance of a Fixed Box-Type

Free Surface Breakwater in the

Intermediate Water. J. Mar. Sci. Eng.

2023, 11, 1812. https://doi.org/

10.3390/jmse11091812

Academic Editors: Achilleas Samaras

and Giuseppe Roberto Tomasicchio

Received: 25 July 2023

Revised: 30 August 2023

Accepted: 13 September 2023

Published: 17 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Determination of Formulae for the Hydrodynamic Performance
of a Fixed Box-Type Free Surface Breakwater in the
Intermediate Water
Guoxu Niu 1, Yaoyong Chen 1, Jiao Lv 2, Jing Zhang 1 and Ning Fan 2,3,4,*

1 Wenzhou Academy of Agricultural Sciences, Wenzhou 325006, China
2 College of Civil Engineering and Architecture, Wenzhou University, Wenzhou 325035, China
3 Key Laboratory of Engineering and Technology for Soft Soil Foundation and Tideland Reclamation of

Zhejiang Province, Wenzhou 325035, China
4 Zhejiang International Science and Technology Cooperation Base of Ultra-Soft Soil Engineering and Smart

Monitoring, Wenzhou 325035, China
* Correspondence: fanning@wzu.edu.cn

Abstract: A two-dimensional viscous numerical wave tank coded mass source function in a
computational fluid dynamics (CFD) software Flow-3D 11.2 is built and validated. The effect
of the core influencing factors (draft, breakwater width, wave period, and wave height) on the
hydrodynamic performance of a fixed box-type free surface breakwater (abbreviated to F-BW
in the following texts) are highlighted in the intermediate waters. The results show that four
influence factors, except wave period, impede wave transmission; the draft and breakwater width
boost wave reflection, and the wave period and wave height are opposite; the draft impedes wave
energy dissipation, and the wave height is opposite; the draft and wave height boost the horizontal
extreme wave force; four influence factors, except the draft, boost the vertical extreme wave force.
Finally, new formulas are provided to determine the transmission, reflection, and dissipation
coefficients and extreme wave forces of the F-BW by applying multiple linear regression. The new
formulas are verified by comparing with existing literature observation datasets. The results show
that it is in good agreement with previous datasets.

Keywords: breakwater; regular wave; numerical wave tank; wave force; prediction formulae

1. Introduction

A breakwater dissipates wave energy and reflects waves from the open sea, rep-
resenting a crucial protective structure for the exploitation and utilization of marine
resources. It is also an essential auxiliary marine structure that improves offshore en-
gineering construction conditions and shortens ship berthing times [1–3]. With the
development and utilization of ocean space and resources, the demand for breakwaters
has also varied. The construction of breakwaters has shifted from onshore to offshore.
Because most wave energy is concentrated near the water surface, a fixed box-type free
surface breakwater (F-BW, Figure 1) was created [4,5]. The F-BW is a type of reflective
breakwater with simple structure and high efficiency, which reduces the transmitted
wave height by reflecting the incident wave energy [6,7]. Compared with the traditional
bottom-founded breakwater, F-BW does not influence water exchange inside and outside
the breakwater while maintaining a high wave attenuation efficiency, and has a high
application prospect.

The hydrodynamic performance of the breakwater is important for the research and
development of the F-BW, which mainly comprises two aspects. One aspect is the wave
attenuation performance, including wave transmission coefficient Ct, reflection coefficient
Cr, and dissipation coefficient Cd (hereinafter referred to as RTD coefficients). The other is
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the wave force, which concerns the safety and stability of the breakwater, including the
horizontal wave force and vertical wave force.
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Figure 1. Two-dimensional schematic sketch of the F-BW models. 
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cients when energy dissipation was ignored. [8–11]. In order to provide some judgement 
for the needy practitioners, a closed-form formula has been created to predict the trans-
mission coefficient in deep water [8–10]. A study by Kolahdoozan et al. [12] showed the 
poor prediction performance of the formula proposed by Macagno [8] for intermediate 
water. Therefore, it is necessary to explore a proposed formula for the transmission coef-
ficient under intermediate-water conditions. Different from the analytical solution of po-
tential flow theory, other scholars studied the influence of the draft, breakwater width, 
and wave height on the performance of wave reflection, transmission, and dissipation of 
the F-BW via experimental tests conducted in intermediate waters [13–16]. The computa-
tional fluid dynamics (CFD) technique provides us an alternative way to interpret the in-
teraction between wave and F-BW. Koftis and Prinos [16] applied the two-dimensional 
unsteady Reynolds Averaged Navier–Stokes model to study the influence of the dimen-
sionless draft on the transmission and reflection coefficients of an F-BW. Elsharnouby et 
al. [17] studied the influence of the draft on the wave transmission of the F-BW by using 
Flow-3D 11.2 software. Their results showed that the increasing draft impedes wave trans-
mission. 

Some researchers carried out earlier work on wave force of F-BW due to concerns 
regarding safety and stability of the F-BW. Guo et al. [11] confirmed that draft, breakwater 
width and wave period also influenced the horizontal and vertical wave forces by adopt-
ing mathematical analysis based on linear potential flow theory. Chen et al. [18] investi-
gated the effects of wave height and wave period on the horizontal and vertical wave 
forces of F-BW through a series of experiments. The results showed that the horizontal 
and vertical wave forces increase with increasing wave height. Limited by the fact that the 
mathematical analysis tends to ignore flow viscosity [19–21] and the physical model test 
is complicated and costly, considerable effort has been devoted to studying the hydrody-
namic performance of an F-BW through numerical simulation in recent years. Zheng et al. 
[22] and Ren et al. [23] used the smoothed particle hydrodynamics (SPH) method to nu-
merically simulate the horizontal and vertical wave forces of F-BWs under regular waves. 
Unlike previous studies which overlooked the nonlinearity of wave forces, the positive 
and negative maximum wave force could be observed in the studies of Zheng et al. [22] 
and Ren et al. [23]. 

Human activities are less involved in deep water, and the cost-effectiveness of F-BW 
construction is poorer in deep water than intermediate water. Reflection coefficient Ct, and 
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In terms of research on the RTD coefficients of an F-BW, some scholars have studied
the influence of the breakwater width and draft on the reflection and transmission coeffi-
cients when energy dissipation was ignored. [8–11]. In order to provide some judgement
for the needy practitioners, a closed-form formula has been created to predict the trans-
mission coefficient in deep water [8–10]. A study by Kolahdoozan et al. [12] showed the
poor prediction performance of the formula proposed by Macagno [8] for intermediate
water. Therefore, it is necessary to explore a proposed formula for the transmission
coefficient under intermediate-water conditions. Different from the analytical solution
of potential flow theory, other scholars studied the influence of the draft, breakwater
width, and wave height on the performance of wave reflection, transmission, and dis-
sipation of the F-BW via experimental tests conducted in intermediate waters [13–16].
The computational fluid dynamics (CFD) technique provides us an alternative way to
interpret the interaction between wave and F-BW. Koftis and Prinos [16] applied the two-
dimensional unsteady Reynolds Averaged Navier–Stokes model to study the influence
of the dimensionless draft on the transmission and reflection coefficients of an F-BW.
Elsharnouby et al. [17] studied the influence of the draft on the wave transmission of the
F-BW by using Flow-3D 11.2 software. Their results showed that the increasing draft
impedes wave transmission.

Some researchers carried out earlier work on wave force of F-BW due to concerns
regarding safety and stability of the F-BW. Guo et al. [11] confirmed that draft, breakwater
width and wave period also influenced the horizontal and vertical wave forces by
adopting mathematical analysis based on linear potential flow theory. Chen et al. [18]
investigated the effects of wave height and wave period on the horizontal and vertical
wave forces of F-BW through a series of experiments. The results showed that the
horizontal and vertical wave forces increase with increasing wave height. Limited by the
fact that the mathematical analysis tends to ignore flow viscosity [19–21] and the physical
model test is complicated and costly, considerable effort has been devoted to studying
the hydrodynamic performance of an F-BW through numerical simulation in recent
years. Zheng et al. [22] and Ren et al. [23] used the smoothed particle hydrodynamics
(SPH) method to numerically simulate the horizontal and vertical wave forces of F-BWs
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under regular waves. Unlike previous studies which overlooked the nonlinearity of
wave forces, the positive and negative maximum wave force could be observed in the
studies of Zheng et al. [22] and Ren et al. [23].

Human activities are less involved in deep water, and the cost-effectiveness of F-BW
construction is poorer in deep water than intermediate water. Reflection coefficient Ct,
and dissipation coefficient Cd are also an indispensable part of the wave attenuation
performance of F-BW. The horizontal and vertical wave forces are related to the security
of the F-BW. However, the prediction formulas based on tests or numerical simulations
for horizontal and vertical wave forces of the F-BW in the above studies were rare.
Therefore, an attempt is necessary to present a proposed formula for the prediction of
RTD coefficients and wave forces, which will provide design judgments for the relevant
practitioners in intermediate waters.

The objective of this paper is to provide the prediction formulas for RTD coef-
ficients and wave forces in the intermediate waters under the condition that waves
do not overtop the breakwater. With the rapid development of the CFD technique,
Kurdistani et al. [24] proposed a formula for submerged homogeneous rubble mound
breakwaters based on a large dataset from the CFD model, and the proposed formula
was verified by using the literature observation datasets. Inspired by their research
method, a numerical wave flume is built through a grid convergence test and validated
with the existing experimental results. The prediction equations of RTD coefficients
and wave forces are provided by applying multiple linear regression and verified by
comparing with existing literature observation datasets. The major conclusions are
finally summarized, and some prospects are proposed.

2. Theoretical Introduction
2.1. Governing Equations

Flow-3D 11.2 is widely used in coastal engineering as a powerful CFD software
program [25]. The interaction of waves and breakwaters is simulated in a numerical wave
tank by using Flow-3D 11.2 software in this paper. The numerical wave tank adopts an
incompressible viscous fluid in the wave and F-BW interaction. The Reynolds averaged
Navier–Stokes (RANS) equation was applied as the governing equation for turbulent flow.
Assuming that the Cartesian coordinate system o-xyz originates from the still water surface,
the continuity equation is shown in Equation (1), and the momentum equation is expressed
in Equation (2).

∂(ui Ai)

∂xi
= 0 (1)

∂ρui
∂t

+
∂ρuiuj

∂xj
= − ∂p

∂xi
+

∂

∂xj

[
v

(
∂ui
∂xj

+
∂uj

∂xi

)
− ρui

′uj
′
]
+ ρgi (2)

where i,j = 1,2 for two-dimensional flows, xi represents the Cartesian coordinate, and ui is
the fluid velocity along the x- and z-axes. Ax and Az are the area fractions open to flow in
the x and z directions, respectively, ρ is the fluid density, p is the pressure, v is the dynamic
viscosity, and g is the gravity force. The Reynolds stresses term, ρui

′uj
′, is modeled by the

renormalized-group (RNG) turbulence model.

2.2. RNG Turbulence Model

The interaction of waves and an F-BW induces turbulence. The RNG turbulence model
is adopted to close the governing equations [26], and the discrete governing equations are
solved by the finite difference method. The transport equations of turbulent kinetic energy
kT and dissipation rate εT in this model are as follows:

∂kT
∂t

+
∂(kTui)

∂xi
=

1
ρ

∂

∂xj

[(
µ +

µt

σk

)
∂kT
∂xj

]
+

Pk
ρ
+(− εT) (3a)
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∂εT
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where µt = Cµρ kT
2

ε is the turbulent viscosity, Pk = 1
2 µt

(
∂ui
∂xj

+
∂uj
∂xi

)(
∂ui
∂xj

+
∂uj
∂xi

)
, and the

constant values are σk = σε = 1.39, Cε1 = 1.42, Cε2 = 1.92, and Cµ = 0.085.
The volume of fluid (VOF) method was developed to track the evolution of the free

surface [27]. The governing equation is shown as follows:

∂F
∂t

+
∂(Fui)

∂xi
= 0 (4)

where F represents the fractional volume of water fluid, F = 1 indicates that the numerical
cell is full of water, and F = 0 corresponds to the cell fully occupied by air. Numerical cells
with a value of 0 < F < 1 represent a water surface.

Furthermore, the generalized minimal residual (GMRES) method was used to solve
the velocity-pressure term [28], and the first-order upwind scheme and Split Lagrangian
method were used to solve the volume of fluid advection. The structure of the F-BW
is directly imported into Flow-3D 11.2 by the software built-in drawing function. The
appearance of an F-BW depicted by the mesh could be viewed with the fractional area
volume obstacle representation (FAVOR) method. All numerical simulations were run in
parallel using an Intel Core (TM) i5-4460 processor (3.20 GHz). Furthermore, to ensure the
accuracy of the numerical solution, the maximum iteration time step was set to 0.001 s, and
the results were output at 0.01-s intervals.

2.3. Principle of Mass Source Wavemaker

The present study emerged from the interest shown in the use of F-BW in a specific
zone at an actual project in East China Sea. The detailed structural design dimensions
of F-BW and wave characteristics are shown in Table 1. All the incident waves are
considered to be regular waves. The regular waves used in the study contain a large range
of wave periods and wave heights, which represent the majority of wave parameters in
real-world problems, making this study of great practical importance. The interaction
between the second-order Stokes wave and the current is not considered in the twelve
major wave parameters, due to the differing time and spatial scales between the wave
and the current [29]. The twelve waves in this research are all in the range of either linear
or nonlinear second-order Stokes waves. Figure 2 shows the suitability range of different
wave theories. According to Figure 2, the F-BW at this project is located in intermediate
waters. Equation (5) presents the wave elevation equation η of the second-order Stokes
wave and the wave elevation equation of the linear wave is the first term on the right
side of this equation.

η(t) =
Hi
2

cos(kx− σt) +
Hi

2k
16

cosh(kh)
sinh3(kh)

[2 + cosh(2kh)]cos(kx− σt) (5)

where Hi is the incident wave height, k is the wavenumber, σ is the wave frequency, and h
is the still water depth.

The boundary wavemaker method produces re-reflection waves. Lin and Liu [30]
proposed a popular mass source wave generation method [31–36]. In the present method,
numerical wave generation is achieved by importing a given volume flow rate Vfr into the
mass source model. The expression of the volume flow rate Vfr is as follows:

Vf r = 2Cη(t)W (6)

where C is the phase velocity, W is the tank width, η(t) is the wave surface elevation by
solving Equation (5).
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To effectively reduce the calculation divergence caused by excessive waves in the
NWT at the initial stage, the volume flow rate Vfr is multiplied by an increasing envelope
function to make the wave increase gradually in the first three wave periods. The equation
of the increasing function is as follows:

R =

{
1− exp

(
− 2t

T
)
, t

T ≤ 3
1, t

T > 3
(7)

where t is time and T is the wave period.

Table 1. Summary of the simulated scenarios.

Variable 1 Variable 2 Variable 3 Variable 4

dr B T Hi

[m] [m] [s] [m]

Case 1
0.07

0.05 1.2

0.05
Case 2 0.07
Case 3

0.14
0.05

Case 4 0.07
Case 5

0.21
0.05

Case 6 0.07
Case 7

0.28
0.05

Case 8 0.07
Case 9

0.35
0.05

Case 10 0.07

Case 11

0.14

0.2

1.2

0.05
Case 12 0.07
Case 13

0.3
0.05

Case 14 0.07
Case 15

0.4
0.05

Case 16 0.07
Case 17

0.6
0.05

Case 18 0.07

Case 19

0.14 0.5

1
0.05

Case 20 0.07
Case 21

1.4
0.05

Case 22 0.07
Case 23

1.6
0.05

Case 24 0.07
Case 25

1.8
0.05

Case 26 0.07

Case 27 0.14

0.5 1.2
0.03Case 28 0.28

Case 29 0.14
0.09Case 30 0.28
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2.4. Principle of Numerical Solution

In this paper, the time series of wave elevations were recorded at five different locations
(i.e., WG1–WG5) on the onshore and offshore sides of the F-BW (Figure 3a). Furthermore,
the current WG spacings are selected according to the water depth and wave period. The
distances between the wave source and WG1, WG1 and WG2, WG2 and F-BW, and F-BW
and WG5 are set at 1.5 m, 0.2 m, 1.8 m, and 1.435 m, respectively. Note that the distance
between wave gauges WG1 and WG2 is more than 0.05 L and less than 0.45 L, and the
distances between wave gauges WG2 and F-BW and between WG5 and F-BW are less than
0.25 L and more than 0.2 L (wavelength), as recommended by the two-point method [37].
Two wave gauges (WG1 and WG2) are mounted in a line on the offshore side of the F-BW
to separate the incident wave heights Hi and the reflected wave heights Hr by using this
method. To prove that the horizontal wave force of the F-BW is related to the free surface
onshore and offshore of the breakwater, probe WG3 is placed 0.02 m in front of the F-BW,
while probe WG4 is placed 0.02 m behind the F-BW to measure the wave profile at the front
(η3) and back (η4) of the F-BW. The wave gauge (WG5) is mounted on the onshore side
of the F-BW to obtain the surface elevation of the transmitted wave heights Ht. The wave
transmission, reflection, and wave energy dissipation coefficients are defined by solving
Equation (8a)–(8c).

Ct = Ht/Hi (8a)
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Cr = Hr/Hi (8b)

Ct
2 + Cr

2 + Cd
2 = 1 (8c)

where Ct is the transmission coefficient; Cr is the reflection coefficient; and Cd is the wave
energy dissipation coefficient.
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Furthermore, the horizontal and vertical wave forces are simulated by the integration
of the water pressure p at the wet surface of the F-BW. The two kinds of wave forces
include the hydrostatic force and hydrodynamic force according to the FLOW-3D theory
manual [25]. Because the F-BW is always fixed at the free surface, the vertical wave force
needs to remove part of the hydrostatic force (the value up to ρVg, where ρ is the density of
water and V is the volume of the F-BW). The shear stress is small enough to be ignored in
this paper relative to the wave force. The horizontal wave force and the vertical wave force
are denoted by Fx and Fz, respectively. The horizontal wave force is consistent with the
direction of wave propagation, and the vertical wave force is vertically upward. To facilitate
the research, obtaining the extreme value of the steady part of the wave force time series,
we define the average value of the horizontal wave force positive and negative peak as the
horizontal positive maximum wave force Fx

+max and horizontal negative maximum wave
force Fx

−max, the vertical wave force positive and negative peak as the vertical positive
maximum wave force Fz

+max and vertical negative maximum wave force Fz
−max. The

representative time series of the dimensionless wave elevation, horizontal, and vertical
wave forces are shown in Figure 4. The numerical results of Hi, Hr, Ht, Fx

±max, Fz
±max were

acquired based on the stable elevations in this figure. To facilitate discussion, we define
Fx
±max/0.005 ρgh2 and Fz

±max/0.005 ρgh2 as the dimensionless horizontal and vertical
maximum wave forces on the F-BW, respectively. The crest and trough values of the time
series of the wave forces are studied because the extreme values of the horizontal and
vertical wave forces on the F-BW under the Stokes second-order wave have a slightly
sharper crest and flatter trough.
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The integral formula of the horizontal and vertical wave force is shown in Equation (9).

F =
∫

p
→
n ds (9)

where
→
n is the unit normal vector of the object surface s and the water pressure p is

determined by the Bernoulli equation.

3. Model Setup and Validation
3.1. Numerical Wave Tank Setup

The detailed numerical wave tank (NWT) setup is shown in Figure 3b,c. The total
length of the NWT was twenty-four wavelengths L long in the x-axis direction, 0.1 m wide
in the y-axis direction, and 1 m deep in the z-axis direction. A scale ratio of 1:40 and a
constant water depth h of 0.75 m are adopted based on the Froude similarity law. The
mesh consisted of two distinct regions. The first region was the computation domain, four
wavelengths length, with a width of 0.1 m and a depth of 1 m. The unit grid size of the
total NWT was L/100~L/200 in the x and z directions, and ten grids were partitioned in
the y directions in this domain. The second region was two identical damping domains
with ten wavelength lengths. The Sommerfeld radiation method was employed to bate
the secondary reflection of waves at both ends of the NWT. The grid size along the x-axis
direction was gradually extended with an identical ratio of 1.01, and one grid was set for
the lateral width of the NWT [38].

To describe the F-BW more accurately, nested grids were applied in the domain around
the F-BW. The uniform nested grid was equal to half of the compute domain grid in the x, y
and z-axis directions. Furthermore, the finer mesh resolution of 0.0035 cm in z direction
was nested near the still water level (SWL), The region extends ±0.07 m from the SWL to
ensure that the expected wave heights (0.03 m, 0.05 m, 0.07 m, 0.09 m) are encompassed
within the region.

The boundary conditions of this NWT were set as follows: both ends of the NWT were
defined as outflow boundaries, two sides of the domain were defined as symmetry bound-
aries, the atmospheric pressure was utilized at the upper boundary, and the lower surface
of the computational domain was a no-slip wall boundary without surface roughness.

A mass source model with wide WS and high HS was added to the numerical flume.
The symmetry boundaries were used overspreading with the mass source form, and the
y-direction width of the mass source block was consistent with the width of the NWT.
Pledging each edge of the mass block to coincide with the grid line of the NWT is shown in
Figure 3b,c.
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3.2. Numerical Model Validation

The present research is mainly implemented under the framework of CFD technology.
To demonstrate the accuracy of the simulation results, it is essential to compare them with
the extant results. The model is verified by the following three aspects in this section.

3.2.1. Grid Independent Verification

The mesh partition is a crucial procedure in CFD numerical simulation and needs
much attention. The number and size of grids are essential criteria for evaluating the
convergence of numerical results. Poor grid quality will directly affect the accuracy of
numerical results and computation time. Consider that the proposed calculation cases
Hi = 0.06 m, T = 1.2 s, and h = 1.2 m by Ren et al. are close to the target cases in this
paper [23]. This wave condition is applied to complete the grid independence verification.
Different grid arrangements can be seen in Table 2, and the time series of the wave profiles
under the three grid sizes are compared with the theoretical results by solving Equation (5),
as shown in Figure 5. The error of the numerical simulation results was calculated according
to Equation (10). The wave profile deviations among the coarse mesh, medium mesh, and
fine mesh are compared. The wave profiles under the medium mesh and the fine mesh
are closer, and the deviation from the theoretical value is less than 5%, which meets the
requirements of Det Norske Veritas (DNV) [39]. It can be judged that only medium meshes
and refined meshes meet the requirements of numerical simulation. Considering the
balance between calculation accuracy and calculation efficiency, the following numerical
simulations always chose a medium mesh.

error =
Htheoretical − Hnumerical

Htheoretical
(10)

where Htheoretical is the wave height of the theoretical result and Hnumerical is the wave height
of the numerical result.

Table 2. Mesh independence check results.

Mesh Type
Computation
Domain Grid

Size (cm)

Nested Domain
Grid Size (cm) Cell Number Elapsed Time

(×104 s)
Wave Height

(cm) Error %

Coarse 2 1 701460 0.6496 5.642 5.96
Middle 1 0.5 3411180 7.6832 5.768 3.87

Fine 0.5 0.25 13350960 48.1437 5.769 3.85
Theoretical - - - - 6.000 -
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3.2.2. Validation of Wave Forces

In this section, to further inspect the accuracy of the numerical results of wave forces
in this paper, according to the wave conditions of Hi = 0.06 m, T = 1.2 s, h = 1.2 m, and draft
dr = 0.2 m, a rectangular box of width B = 0.8 m and wave height Hi = 0.4 m is fixed and
semi-immersed, as proposed by Ren et al. [23]. The horizontal and vertical wave forces of
the F-BW were verified by comparison with the theoretical results of Mei and Black [40]
and the numerical simulation results of Ren et al. [23]. The time series of the wave forces
are compared in Figure 6. The total simulation time of this case is 16 wave cycles. Since
it takes some time for the progressive wave to arrive at the F-BW from the source, the
horizontal and vertical wave forces begin to reach the stable state at t = 7 T seconds in
Figure 6. By comparison, the simulated time series of horizontal and vertical wave forces
are almost consistent with those presented by Ren et al. [23] and Mei and Black [40]. This
result indicated that the present NWT could meet the calculation accuracy.
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4. Results and Discussion
4.1. Influence Analysis of Four Factors on the Hydrodynamic Performance of F-BW

Among all the influencing factors (refer to Appendix A), the hydrodynamic perfor-
mance of the F-BW is significantly affected by the following four factors: draft (dr/h),
breakwater width (B/h), wave period (T*sqrt(g/h)), and wave height (Hi/h). For the mecha-
nism analysis of the interaction between waves and breakwater, the mechanism study of the
horizontal wave force is rather complicated. Since the breakwater is in a semisubmerged



J. Mar. Sci. Eng. 2023, 11, 1812 11 of 21

state, the Morison formula is no longer applicable to the guidance of the calculation of
the horizontal wave force. The horizontal wave force is studied separately from the water
particle velocity; see the free surface difference (η3–η4) in the front and back sides of the
F-BW and the water particle streamline in Figures 7 and 8 for details. Among them, five
representative cases are selected from all cases in this article for comparative analysis corre-
sponding to Figure 7a–e. Note that case (a) T1.2dr0.14B0.5Hi0.07 represents a wave period
of 1.2 s, draft of 0.14 m, breakwater width of 0.5 m and incident wave height of 0.07 m. Due
to the effect of water blockage, flow separation is generated at the bottom corner of the
offshore side of the breakwater, and the generated clockwise vortex destroys the original
motion path of the wave water particles without structure in Figure 8a and allows the free
surface difference in the front and back of the F-BW to gradually reach a maximum. At time
instant t0 in Figure 7, the horizontal wave force also reaches a maximum. It can be seen in
Figure 8b that the vertical wave force is easier to analyze. When the vertical wave force is
at its maximum, the streamline realizes complete diffraction, and no vortex is generated.
Furthermore, to understand the mechanism and contribution of each influencing factor on
the hydrodynamic performance of the F-BW in detail, the statistical results are shown in
Figures 9–12.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 11 of 22 
 

 

 
Figure 7. Comparative analysis of five different cases under the interaction between waves and 
breakwater: First column: numerically obtained snapshots of free surface profile and velocity field; 
Second column: time history of free surface and horizontal wave force. 

 
Figure 8. Snapshots of the velocity streamline field: (a) Time instant of the horizontal positive max-
imum wave force; (b) Time instant of the vertical positive maximum wave force. 

Figure 7. Comparative analysis of five different cases under the interaction between waves and
breakwater: First column: numerically obtained snapshots of free surface profile and velocity field;
Second column: time history of free surface and horizontal wave force.



J. Mar. Sci. Eng. 2023, 11, 1812 12 of 21

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 11 of 22 
 

 

 
Figure 7. Comparative analysis of five different cases under the interaction between waves and 
breakwater: First column: numerically obtained snapshots of free surface profile and velocity field; 
Second column: time history of free surface and horizontal wave force. 

 
Figure 8. Snapshots of the velocity streamline field: (a) Time instant of the horizontal positive max-
imum wave force; (b) Time instant of the vertical positive maximum wave force. 

Figure 8. Snapshots of the velocity streamline field: (a) Time instant of the horizontal positive
maximum wave force; (b) Time instant of the vertical positive maximum wave force.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 12 of 22 
 

 

 
Figure 9. Effect of the draft dr on the hydrodynamic performance of the F-BW at wave heights Hi = 
0.05 m and Hi = 0.07 m. (a) Horizontal positive and negative maximum wave forces Fx+max and Fx−max; 
(b) Vertical positive and negative maximum wave forces Fz+max and Fz max; (c) Transmission coeffi-
cient Ct, reflection coefficient Cr, and dissipation coefficient Cd. 

Figure 9. Effect of the draft dr on the hydrodynamic performance of the F-BW at wave heights
Hi = 0.05 m and Hi = 0.07 m. (a) Horizontal positive and negative maximum wave forces Fx

+max and
Fx
−max; (b) Vertical positive and negative maximum wave forces Fz

+max and Fz
−max; (c) Transmission

coefficient Ct, reflection coefficient Cr, and dissipation coefficient Cd.



J. Mar. Sci. Eng. 2023, 11, 1812 13 of 21
J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 13 of 22 
 

 

 
Figure 10. Influence of the breakwater width B on the hydrodynamic performance of the F-BW at 
wave heights Hi = 0.05 m and Hi = 0.07 m. (a) Horizontal positive and negative maximum wave 
forces Fx+max and Fx−max; (b) Vertical positive and negative maximum wave forces Fz+max and Fz max; (c) 
Transmission coefficient Ct, reflection coefficient Cr, and dissipation coefficient Cd. 

Figure 10. Influence of the breakwater width B on the hydrodynamic performance of the F-BW at
wave heights Hi = 0.05 m and Hi = 0.07 m. (a) Horizontal positive and negative maximum wave
forces Fx

+max and Fx
−max; (b) Vertical positive and negative maximum wave forces Fz

+max and Fz
−max;

(c) Transmission coefficient Ct, reflection coefficient Cr, and dissipation coefficient Cd.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 11. Influence of the wave period T on the hydrodynamic performance of the F-BW at wave 
heights Hi = 0.05 m and Hi = 0.07 m. (a) Horizontal positive and negative maximum wave forces 
Fx+max and Fx−max; (b) Vertical positive and negative maximum wave forces Fz+max and Fz max; (c) Trans-
mission coefficient Ct, reflection coefficient Cr, and dissipation coefficient Cd. 

Figure 11. Influence of the wave period T on the hydrodynamic performance of the F-BW at wave
heights Hi = 0.05 m and Hi = 0.07 m. (a) Horizontal positive and negative maximum wave forces
Fx

+max and Fx
−max; (b) Vertical positive and negative maximum wave forces Fz

+max and Fz
−max;

(c) Transmission coefficient Ct, reflection coefficient Cr, and dissipation coefficient Cd.



J. Mar. Sci. Eng. 2023, 11, 1812 14 of 21J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 15 of 22 
 

 

 
Figure 12. Influence of the wave height Hi on the hydrodynamic performance of the F-BW at draft 
dr = 0.14 m and dr = 0.28 m. (a) Horizontal positive and negative maximum wave forces Fx+max and 
Fx−max; (b) Vertical positive and negative maximum wave forces Fz+max and Fz max; (c) Transmission 
coefficient Ct, reflection coefficient Cr, and dissipation coefficient Cd. 

4.1.1. Effect of Draft 
Figure 7 lists the distribution diagram of the free surface difference and water particle 

velocity under cases (a) and (b) at the time instant of the horizontal wave force maximum. 
Except for the draft being different, the two cases are consistent. Among them, case (a) has 
a wave period of 1.2 s, draft of 0.14 m, wave height of 0.07 m and breakwater width of 0.5 
m. Case (b) has a period of 1.2 s, draft of 0.35 m, wave height of 0.07 m and breakwater 
width of 0.5 m. 

In the second column of Figure 7a, when time t0 = 11.48 s, the maximum free surface 
difference is 0.068 m, and the maximum horizontal wave force is 7.98 N. In the second 
column of Figure 7b, when time t0 = 11.52 s, the maximum free surface difference is 0.083 
m, and the maximum horizontal wave force is 15.91 N. Obviously, the increase in the draft 
enhances the water blockage action in front of the F-BW, weakens the diffraction effect of 
the wave, and delays the time for the horizontal wave force to reach its maximum. Figure 
9a shows that Fx+max increases with increasing draft under wave heights of Hi = 0.05 m and 
Hi = 0.07 m. Similarly, the absolute values of Fx max exhibit a similar law. The absolute val-
ues of Fz max and Fz+max decrease with increasing draft under wave heights of Hi = 0.05 m 
and Hi = 0.07 m in Figure 9b, which is related to the exponential decay of the wave kinetic 
energy along the water depth. It is not difficult to see in Figure 7a,b that the wave hydro-
dynamic pressure on the lower surface of the F-BW decreases with decreasing wave ki-
netic energy as the water depth increases. The effective action area increases as the draft 
reduces the penetration of waves. Figure 9c shows that the transmission coefficient de-
creases with increasing draft under wave heights of Hi = 0.05 m and Hi = 0.07 m. Due to 
the increase in the interaction area between waves and F-BW, the reflected wave energy 
increases in Figure 7, and Figure 7b is more obvious than Figure 7a. The wave energy 

Figure 12. Influence of the wave height Hi on the hydrodynamic performance of the F-BW at draft
dr = 0.14 m and dr = 0.28 m. (a) Horizontal positive and negative maximum wave forces Fx

+max and
Fx
−max; (b) Vertical positive and negative maximum wave forces Fz

+max and Fz
−max; (c) Transmission

coefficient Ct, reflection coefficient Cr, and dissipation coefficient Cd.

4.1.1. Effect of Draft

Figure 7 lists the distribution diagram of the free surface difference and water particle
velocity under cases (a) and (b) at the time instant of the horizontal wave force maximum.
Except for the draft being different, the two cases are consistent. Among them, case (a)
has a wave period of 1.2 s, draft of 0.14 m, wave height of 0.07 m and breakwater width of
0.5 m. Case (b) has a period of 1.2 s, draft of 0.35 m, wave height of 0.07 m and breakwater
width of 0.5 m.

In the second column of Figure 7a, when time t0 = 11.48 s, the maximum free surface
difference is 0.068 m, and the maximum horizontal wave force is 7.98 N. In the second
column of Figure 7b, when time t0 = 11.52 s, the maximum free surface difference is 0.083 m,
and the maximum horizontal wave force is 15.91 N. Obviously, the increase in the draft
enhances the water blockage action in front of the F-BW, weakens the diffraction effect of the
wave, and delays the time for the horizontal wave force to reach its maximum. Figure 9a
shows that Fx

+max increases with increasing draft under wave heights of Hi = 0.05 m and
Hi = 0.07 m. Similarly, the absolute values of Fx

−max exhibit a similar law. The absolute val-
ues of Fz

−max and Fz
+max decrease with increasing draft under wave heights of Hi = 0.05 m

and Hi = 0.07 m in Figure 9b, which is related to the exponential decay of the wave kinetic
energy along the water depth. It is not difficult to see in Figure 7a,b that the wave hydrody-
namic pressure on the lower surface of the F-BW decreases with decreasing wave kinetic
energy as the water depth increases. The effective action area increases as the draft reduces
the penetration of waves. Figure 9c shows that the transmission coefficient decreases with
increasing draft under wave heights of Hi = 0.05 m and Hi = 0.07 m. Due to the increase
in the interaction area between waves and F-BW, the reflected wave energy increases in
Figure 7, and Figure 7b is more obvious than Figure 7a. The wave energy dissipation
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coefficient increases with decreasing draft in Figure 9c. Since the wave energy is mainly
concentrated on the still water level, the fluid particle velocity maximum at the lower
corner of F-BW is 0.30 m/s in Figure 7a is more than the 0.17 m/s in Figure 7b, more wave
energy is dissipated when the fluid particle with higher velocity collides with F-BW due to
decreasing draft.

Overall, the increasing draft impedes incident waves cross F-BW and promotes the
increase in horizontal wave force and wave reflection, which threatens the stability of the
structure.

4.1.2. Effect of Breakwater Width

To clarify the mechanism of the breakwater width effect on the hydrodynamic per-
formance of the F-BW, except that the breakwater width is different, cases (a) and (c) in
Figure 7 are consistent. In case (c), the period is 1.2 s, the draft is 014 m, the wave height is
0.07 m, and the breakwater width is 0.2 m.

The free surface difference and vortex in Figure 7a,c are similar. Figure 10a shows
that the breakwater width effect on Fx

−max and Fx
+max is not obvious. When the vertical

wave force is at its maximum, the streamline realizes complete diffraction, and no vortex is
generated in Figure 8b. Therefore, the vertical wave force is related to the acting area of
the F-BW lower surface. Figure 10b shows that the absolute values of Fz

−max and Fz
+max

increase with increasing breakwater width. In the second column of Figure 7c, when time
t0 = 11.42 s, the free surface difference and the horizontal wave force reach a maximum
faster than in case (a). Obviously, the increase in the breakwater width increases the
wave diffraction difficulty. Figure 10c shows that the transmission coefficient decreases
with increasing breakwater width, and the reflection coefficient increases with increasing
breakwater width. Due to fluid particle velocity maximum is similar between Figure 7a,c.
The increase in breakwater width has little influence on wave energy dissipation.

In short, the increasing breakwater width is not conducive to incident wave cross
F-BW, and promotes the increase of wave reflection and vertical wave force. Obviously,
more weights need to be added to ensure the safety of the breakwater when breakwater
width increases.

4.1.3. Effect of Wave Period

To clarify the mechanism of the wave period effects on the hydrodynamic performance
of the breakwater, except that the wave period is different, cases (a) and (d) are consistent.
Figure 7d shows that the wave period is 1.8 s, the draft is 0.14 m, the wave height is 0.07 m
and the breakwater width is 0.5 m.

In the second column of Figure 7d, when time t0 = 11.13 s, the maximum free surface
difference is 0.051 m, and the maximum horizontal wave force is 6.90 N. According to
Equation (9), because the wave energy is more abundant on the two sides of the breakwater
in case (4), the horizontal wave force is comparable even if the free surface difference is
smaller than that in case (1). Figure 11a shows that Fx

−max and Fx
+max are weakly related

to the wave period under wave heights of Hi = 0.05 m and Hi = 0.07 m. Because the long-
period waves possess a large wave energy in Figure 7d, they increase the wave pressure on
the lower surface of the F-BW. Therefore, the absolute values of Fz

−max and Fz
+max increase

linearly with the wave period in Figure 11b. Figure 11c shows that the transmission
coefficient increases with increasing wave period under wave heights of Hi = 0.05 m and
Hi = 0.07 m. Long-period waves have a better diffraction ability at the same depth, and
more wave energy passes through the F-BW. The decreasing ratio of the breakwater width
to wavelength weakens the ability to block progressive waves, and the reflection coefficient
decreases accordingly. The wave energy dissipation coefficient shows an alphabetic symbol
“M” distribution with the wave period. This indicates that the wave energy dissipation is
more complex and requires further study. When the dimensionless wave period is 5.06,
both the transmission and reflection coefficients are close to 0.71, the dissipation coefficient
is at the minimum by applying Equation (8c).
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In brief, the increasing wave period plays a significant role in increasing the wave
transmission and the reducing wave reflection. Although it has little effect on the horizontal
wave force, it promotes an increase in the vertical wave force, which is unfavorable to the
security of the breakwater.

4.1.4. Effect of Wave Height

To clarify the mechanism of the wave height effects on the hydrodynamic performance
of the breakwater, except that the wave height is different, cases (a) and (e) are consistent.
Figure 7e shows that the wave period is 1.2 s, the draft is 014 m, the wave height is 0.03 m
and the breakwater width is 0.5 m.

In the second column of Figure 7e, when time t0 = 11.44 s, the maximum free surface
difference is 0.031 m, and the maximum horizontal wave force is 3.43 N. Obviously, the
increase in wave height increases the diffraction difficulty of the wave and delays the
time when the horizontal wave force reaches its maximum. The higher the wave height,
the more abundant the wave energy in Figure 7a,e. The water particle velocity maximum
is 0.11 m/s in Figure 7e, which is much less than the water particle velocity maximum
in Figure 7a. The larger wave height causes a larger wave elevation difference, and the
larger horizontal wave force under other variable conditions is consistent by comparing
Figure 7a,e. Therefore, Fx

−max and Fx
+max increase linearly with increasing wave height

under drafts dr = 0.14 m and dr = 0.28 m in Figure 12a. The increase in wave height leads
to increasing dynamic wave pressure, which in turn leads to increasing wave pressure
on the F-BW lower surface and an increase in vertical wave force. Therefore, Fz

−max

and Fz
+max increase linearly with increasing wave height under drafts dr = 0.14 m and

dr = 0.28 m in Figure 12b. Figure 12c shows that the increasing wave height results in
more wave reflection and less transmission due to the increasing blockage effect. The
reflection ability weakens with decreasing interaction area (the ratio of the wetted surface
height of the front wall of the F-BW to the wave height). The water particle velocity
maximum of 0.11 m/s in Figure 7e is less than the water particle velocity maximum of
0.3 m/s in Figure 7a. The increasing water particle velocity with increasing wave height
results in better vortex dissipation near the F-BW. Hence, the wave energy dissipation
coefficient increases.

In conclusion, the increasing wave height reduces the wave reflection but increases hor-
izontal and vertical wave forces, which is disadvantageous to the security of the breakwater.

4.2. Prediction Equations of F-BW Hydrodynamic Performance Parameters

To understand the contribution of each influencing factor to the hydrodynamic per-
formance of the F-BW in detail, the factors affecting the RTD coefficients and wave force
mainly include the wave period T, wave height Hi, draft dr, breakwater width B, and
still water depth h. In Equation (11), the RTD coefficients Ct,r,d and wave force extremum
Fx,z
±max are expressed as follows:(

F±max
x,z , Ct,r,d

)
= f (h, T, ρ, Hi, dr, B, g) (11)

Using the dimensionless analysis method and the numerical simulation results of
30 groups of simulated conditions in Table 1 based on the Origin 2019b software platform,
multiple linear regression was performed by the least squares method, and the prediction
equations of the RTD coefficients and wave force are given in Equation (12a–g). The detailed
formulas are shown in Table 3.

Note that 0.0933 ≤ dr/h ≤ 0.4667, 0.26667 ≤ B/h ≤ 0.8, 3.6166 ≤ T*sqrt(g/h) ≤ 6.5099,
and 0.04 ≤ Hi/h ≤ 0.12.
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Table 3. Statistics of prediction equation.

Equation Number Equations R2

(12a) Ct = 0.003
(

dr
h

)−0.935( B
h

)−0.519( gT2

h

)1.039(
Hi
h

)−0.064 0.948

(12b) Cr = 3.650
(

dr
h

)0.213( B
h

)0.187( gT2

h

)−0.436(
Hi
h

)−0.074 0.958

(12c) Cd = 3.100
(

dr
h

)−0.235( B
h

)−0.113( gT2

h

)−0.493(
Hi
h

)0.426 0.695

(12d) Fx
+max

0.005ρgh2 = 21.398
(

dr
h

)0.866( B
h

)0.139( gT2

h

)−0.127(
Hi
h

)1.027 0.992

(12e) Fx
−max

0.005ρgh2 = −14.199
(

dr
h

)1.062( B
h

)0.057( gT2

h

)−0.042(
Hi
h

)0.912 0.988

(12f) Fz
+max

0.005ρgh2 = 0.079
(

dr
h

)−0.519( B
h

)0.852( gT2

h

)0.829(
Hi
h

)0.798 0.988

(12g) Fz
−max

0.005ρgh2 = −2.314
(

dr
h

)−0.254( B
h

)0.890( gT2

h

)0.282(
Hi
h

)1.145 0.989

4.3. Deviation Analysis of the Prediction Equations

Inspired by Kurdistani et al.’s [24] research method, the current study uses their
method to assess the reliability of each predictive formula. The literature observation
datasets include the measured RTD coefficients from Koutandos [13] (three cases (R1, R2
and R3) in Figure 16 of his literature) and Liang et al. [14] (six cases in Figures 14a, 19a and
22a of their literature), the wave forces from Mei and Black [40] and Ren et al. [23] (a case
in Figure 10 of their literature). The numerical results obtained by Flow-3D are plotted on
the x-axis in Figure 13, and predicted values of the predictive equations are plotted on the
y-axis in Figure 13. Figure 13a shows a 20% error for the application of Liang et al. [14]
transmission coefficient datasets that are mostly lower-estimated values of transmission
coefficient with respect to Equation (12a), an almost 10% error for the application of Liang
et al.’s [14] reflection coefficient and dissipation coefficient datasets, and Koutandos’s [13]
RTD coefficients datasets. Figure 13b shows an almost 10% error for the application of Mei
and Black [40] and Ren et al. [23] maximum wave force, which indicates that the present
prediction equations are valid.
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It is clearly found that the distribution points of the reflection coefficient and wave
energy dissipation coefficient of the F-BW are relatively concentrated in a particular region
in Figure 13a, indicating that the F-BW is dominant in reflecting waves and has stable wave
dissipation ability. In addition, the horizontal negative maximum wave force of the F-BW is
similar to the vertical negative maximum wave force, and the horizontal positive maximum
wave force of the F-BW is slightly larger than the vertical positive maximum wave force in
Figure 13b.

5. Conclusions

The present study investigated a high-accuracy numerical wave tank (NWT) based
on the Flow-3D platform. A series of numerical simulations in the intermediate waters
were carried out at a constant water depth (h) of 0.75 m under regular wave conditions,
with a wave height range between 0.03–0.09 m, a wave period range between 1–1.8 s, and a
breakwater width range between 0.2–0.6 m. The effects of four influencing factors (dr, B, T,
Hi) on the hydrodynamic performance (RTD coefficients and wave forces) are highlighted.
The vital conclusions are as follows:

(1) The performance of two-dimensional viscous numerical wave tanks (NWTs) with a
mass source wave maker and small length scale (1:40) are analyzed. By comparison,
the wave model employed in this paper is competent for the numerical simulation of
the F-BW.

(2) The results show that the increase in the four influence factors, except the wave period,
benefits the decrease in the wave transmission. The increase in draft and breakwater
width is beneficial to the increase in the wave reflection, and the wave period and
wave height are opposite. The increase in draft benefits the decrease in wave energy
dissipation, and the wave height is opposite.

(3) The increase in the draft and wave height benefits the increase in the horizontal
positive and negative maximum wave forces. In addition to the draft, the increase
in the other three influence factors benefits the increase in the vertical positive and
negative maximum wave forces.

(4) Applying multiple linear regression presents the prediction equations of RTD coeffi-
cients and the extreme wave force. The prediction equations are verified by comparing
them with literature observation datasets.

This study provides insight into the relation of RTD coefficients and wave forces
with parameters such as draft, breakwater width, wave period and wave height. The
simulated results of the given predicted equations can be generalized to the prototype
scale by using Froude’s scaling law and can be used to guide the design of F-BWs in
intermediate waters.
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Appendix A

The wave period T, wave height Hi, draft dr, breakwater width B, and water depth
h are the main factors that affect the wave dissipation performance and wave force of an
F-BW in the intermediate waters. Therefore, the wave force of an F-BW can be expressed as
a function of the above factors as follows:

F = f (h, T, ρ, Hi, dr, B, g) (A1)

Taking water depth h, gravity acceleration g, and water density ρ as the repetitive
parameters, the three dimensionless parameters are expressed as follows:

[h] = [M0L1T0], [g] = [M0L1T−2], [ρ] = [M1L−3T0], where wave force per breakwater
length in the vertical wave direction F, expressed as [F = ρgh2], Equation (A1) can be written
as follows:

F
0.005ρgh2 = f

(
dr
h

,
B
h

, T
√

g
h

,
Hi
h

)
(A2)

According to wave theory, there is a nonlinear relationship between the wave force
and the four dimensionless parameters in Equation (A2). The relationship between the
dependent variable and independent variable in nature is exponential. It can be expressed
as follows:

F
0.005ρgh2 = α

(
dr
h

)x1
(

B
h

)x2
(

T
√

g
h

)x3(Hi
h

)x4

(A3)

where α, x1, x2, x3, and x4 are the unknown coefficients.
Taking the natural logarithm of both sides of Equation (A3) to obtain the double

logarithm function model, the equation can be written in linear form as follows:

ln
F

0.005ρgh2 = lnα + x1ln
(

dr
h

)
+ x2ln

(
B
h

)
+ x3ln

(
T
√

g
h

)
+ x4ln

(
Hi
h

)
(A4)

Using multiple function linear regression analysis, each unknown coefficient in the
equations can be obtained and then substituted into Equation (A3) to obtain the wave force
equations. Similarly,

Ct, Cr, Cd = f
(

dr
h

,
B
h

, T
√

g
h

,
Hi
h

)
(A5)
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